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Early Setting of Grammatical Processing
in the Bilingual Brain
guage after cerebral damage. In general, recovery is
considered to be excellent if damage occurs in early
infancy (Bates et al., 1997), while older children show
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more adult-like aphasic patterns and poor recovery1Department of Neurology
(VanDongen et al., 1985).Charite´
There is an ongoing discussion as to whether thereHumboldt-University
is such a critical period in second language acquisition.Schumannstr. 20-21
Bilingual subjects with variable AOA and proficiency10117 Berlin
level (PL) might constitute a suitable model to investi-Germany
gate this issue. In particular, neuroimaging studies can2 Lab of Brain and Cognition
provide evidence for the role of AOA in influencing theNational Institutes of Mental Health
pattern of brain activation associated with linguistic pro-National Institutes of Health
cessing (Kim et al., 1997; Perani et al., 1998; Chee etBethesda, Maryland 20892
al., 1999). While several studies concur in indicating a3 University Vita Salute San Raffaele
critical role for proficiency in influencing the neural orga-Institute of Neuroscience and Bioimaging
nization of the bilingual brain (see Abutalebi et al., 2001,CNR
for a review), the data about AOA are contradictoryVia Olgettina 60
(Johnson and Newport, 1989, 1991; Mayo et al., 1997;20132 Milano
Flege et al., 1999; Birdsong and Molis, 2001). While aItaly
functional magnetic resonance imaging (fMRI) study re-
ported that the spatial pattern of activation elicited by
sentence generation in first and second language (L1Summary
and L2) in frontal areas is dependent on AOA (Kim et
al., 1997), another functional imaging study has not sup-The existence of a “critical period” for language acqui-
ported this finding (Chee et al., 1999).sition is controversial. Bilingual subjects with variable
A crucial factor to be considered when comparing theage of acquisition (AOA) and proficiency level (PL) con-
results of imaging studies is the aspect of linguisticstitute a suitable model to study this issue. We used
processing associated with the task. The cerebral repre-functional magnetic resonance imaging to investigate
sentation and processing of grammar and lexical-the effects of AOA and PL on neural correlates of
semantics (vocabulary) seem to be based on differentgrammatical and semantic judgments in Italian-Ger-
systems. Monolingual electrophysiological, lesion, andman bilinguals who learned the second language at
functional neuroimaging studies revealed that the func-different ages and had different proficiency levels.
tional anatomy of semantic and syntactic processingWhile the pattern of brain activity for semantic judg-
shows substantial differences (Osterhout, 1997; Caplan,ment was largely dependent on PL, AOA mainly af-
1999; Dapretto and Bookheimer, 1999; Friederici et al.,fected the cortical representation of grammatical pro-
1999, 2000; Ni et al., 2000; Newman et al., 2001). More-cesses. These findings support the view that both AOA
over, studies of developmental and acquired languageand PL affect the neural substrates of second lan-
disorders showed the existence of subjects affected byguage processing, with a differential effect on gram-
grammar-specific deficits, whereas vocabulary remainsmar and semantics.
unimpaired as well as of patients showing the opposite
pattern of impairment (Caplan, 1992; van der Lely et al.,
Introduction
1998; van der Lely and Christian, 2000). Based on these
findings, it has been proposed that grammar is acquired
According to most theorists, language consists of a incidentally and based on the implicit (procedural) mem-
mental lexicon (vocabulary) and a set of grammatical ory and knowledge system, whereas lexical-semantics
rules, which must be acquired by the human infant. One are processed and represented within the explicit (de-
of the crucial issues in psycholinguistics is the influence clarative) memory and knowledge system (for reviews
of age of acquisition (AOA) on language learning. The see Paradis, 1994; Pinker, 1994; Ullman, 2001; Lebrun,
fact that children acquire their native language much 2002).
faster and more efficiently than adults when learning a There is some evidence indicating that these different
second language has led to the hypothesis that childhood aspects of language (i.e., syntax and semantics) in bilin-
is a “critical period” for language acquisition, in which gual subjects are differentially affected by AOA, as re-
humans are “biologically prepared” to learn languages vealed by event-related potentials (ERPs) and behav-
(Lenneberg, 1967). This is supported by a mathematical ioral measurements. According to Weber-Fox and
model of the evolution of grammar, which indicates that Neville (1996), syntactic processing is more dependent
natural selection leads to a limited language-learning on AOA (affected by an AOA as early as age 1–3) than
period (Komarova and Nowak, 2001; Nowak et al., 2001, semantic processing (affected by an AOA of more than
2002). A second argument is related to recovery of lan- 11 years). However, a behavioral study on grammatical-
ity judgments did not find differences in PL (in terms of
accuracy and reaction times) in subjects with an AOA of*Correspondence: isabell.wartenburger@charite.de
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either more or less than 15 years, thus failing to provide judgment L2 compared to grammatical judgment L1 in
the LAHP group. There were no significant differencesevidence for the hypothesis of a critical period for sec-
ond language acquisition (Bialystok and Miller, 1999). in semantic judgment. (3) The LALP group showed sig-
nificant longer reaction times and less accuracy in bothPrevious functional imaging studies on bilingualism
have not systematically investigated grammatical pro- grammatical and semantic judgment L2 in comparison
to L1.cessing in L1 and L2. In this study, we intended to clarify
which factors might influence the cortical representation
of grammatical and semantic judgments in L2. We hy- fMRI Results
pothesized that the cerebral organization of grammati- Between Group Comparison
cal and semantic processing in L2 is differentially af- Grammatical Judgment. In L2, the LAHP group com-
fected by AOA and PL, as suggested by Weber-Fox and pared to the EAHP group showed bilateral activations
Neville (1996). We have addressed the following specific in the inferior frontal gyrus (Brodmann Area [BA] 44 and
issues: (1) if there are different critical periods for the 44/6) (Figure 2A). On the other hand, the EAHP group did
acquisition of grammar and semantics in L2, AOA should not show additional activation compared to the LAHP
differentially influence the cortical representation of group. The LAHP group compared to the LALP group
grammatical and semantic processing in L2; and (2) the displayed greater activation in the left temporo-parietal
cerebral substrates of grammatical and semantic judg- junction (BA 22/39), right lingual gyrus (BA 18), and right
ments in L2 might differ in groups of bilinguals with inferior parietal lobule (BA 40) (Figure 2B). The opposite
different PL. comparison (LALP versus LAHP) did not show additional
activation.
Results Semantic Judgment. There were no differences in L2
between the high proficient groups. We found greater
To assess the effects of AOA and PL, we studied three activation of the left middle frontal regions (BA 46) and in
groups of Italian-German bilinguals: one group acquired right fusiform gyrus (BA 37) in the LAHP group than in the
L2 since birth and showed high proficiency (11 early LALP group, who in turn showed greater activation in left
acquisition high proficiency [EAHP] subjects), a second inferior frontal (BA 44/6) and right middle frontal areas
group acquired L2 late but showed a comparable high (BA 46/9). The left inferior frontal activation of the LALP
proficiency level (12 late acquisition high proficiency group was located in the opercular sector of Broca’s
[LAHP] subjects), and the third group of bilinguals area, BA 44, whereas the activation of the LAHP group
learned L2 late and showed low proficiency at the time involved the middle frontal gyrus, BA 46.
of the present investigation (9 late acquisition low profi- It is noteworthy that contrasting L1 between the three
ciency [LALP] subjects). A summary of demographics groups did not result in additional activation in either
and language background of the subjects is given in the the grammatical or the semantic task. Table 3 summa-
Experimental Procedures paragraph and in Table 1. rizes the results.
Within Group Comparison
Grammatical Judgment. Table 4 (top) summarizes theBehavioral Results
The subjects had to judge a total of 180 German and results of the comparisons in which grammatical judg-
ment in L2 was compared to grammatical judgment inItalian sentences (see Experimental Procedures). Be-
havioral data were recorded inside the scanner (accu- L1. The EAHP group did not exhibit language-specific
differences in brain activation between the two lan-racy of response: subjects were forced to respond only
after a delay, and therefore reaction times are not avail- guages (Figure 3A). Comparing L2 to L1 within the LAHP
group showed bilateral activations in the inferior frontalable) and again after the scanning session, outside the
scanner (accuracy and reaction times: participants were gyrus (BA 44, 47), anterior insula, putamen, thalamus,
mesial frontal cortex (BA 8), in the left frontal operculumasked to respond as soon and correctly as possible).
Figure 1 illustrates the results. Mean, standard deviation, (BA44/6), left inferior parietal lobule (BA 40), left caudate
nucleus, and in right middle frontal gyrus (BA 46/9) (Fig-and statistics of significant differences within and be-
tween groups are given in Table 2. ure 3B). The LALP group showed bilateral activations
in the inferior frontal gyrus (opercular division of Broca’sBetween group comparisons of behavioral data re-
vealed (compare also Table 2) the following. (1) No signif- area, BA 44/6) and in the thalamus; additional activations
were found in the left inferior parietal cortex (BA 40/7),icant differences in L2 between the EAHP and LAHP
groups. (2) Significant differences between the EAHP precentral (BA 6) and fusiform gyrus (BA 37), and in right
middle frontal regions (BA 46/9) comparing L2 to L1and LALP groups for accuracy and reaction times in
grammatical and semantic judgment L2. (3) Significant (Figure 3C).
To summarize, both LA groups showed significantlydifferences between the LAHP and LALP groups for
accuracy in grammatical and semantic judgment L2; more extensive activation involving Broca’s region and
subcortical structures during grammatical processingno significant reaction time differences were apparent.
None of the groups differed in L1. in L2.
Semantic Judgment. The lower part of Table 4 sum-Within group comparison of behavioral data revealed
(compare also Table 2) the following. (1) A significantly marizes the results of the comparisons of the semantic
judgment in L2 to semantic judgment in L1. The EAHPinferior accuracy in semantic judgment L1 compared
to L2, but no significant differences in reaction time group did not exhibit language-specific differences in
activation between the two languages. The LAHP groupbetween L1 and L2 in the EAHP group. (2) Significant
longer reaction times and less accuracy in grammatical showed bilateral activation in inferior frontal gyrus (BA
Early Setting of Grammatical Processing
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Figure 1. Behavioral Data and Proficiency Level (PL)
Accuracy of responses during the scanning session (A), reaction times (B) and accuracy (C) as measured outside the scanner after the scanning
session for each condition and group. PL (D) was determined (i) using a detailed language test in L2 and (ii) by a short language test in L1
and L2 (see Experimental Procedures). Note (1) that the LALP group was slower and less accurate than the high proficient groups and (2)
that EAHP and LAHP do not show a statistically significant difference in any of the parameters (compare also Tables 1 and 2). Abbreviations:
n, number of subjects available for the respective measurement; EAHP, early acquisition high proficiency; LAHP, late acquisition high proficiency;
LALP, late acquisition low proficiency; L1, Italian, first language acquired; L2, German, second language acquired; Gram., grammatical judgment
task; Sem., semantic judgment task. Median, quartile, and data range are displayed.
47) and insula comparing L2 to L1 (Figure 4). The LALP size of activations elicited by judgments in L2 were sub-
group showed greater activation of semantic judgment stantially different between the groups. Our results indi-
L2 compared to L1 in the left inferior frontal gyrus (BA cate that AOA mainly influences the cerebral activation
44/6) and left middle frontal gyrus (BA 9); right-sided pattern elicited by grammatical judgments in L2. In con-
activations involved inferior frontal regions (BA 47) and cert with the results of Weber-Fox and Neville (1996,
insula. Thus, both late acquisition groups showed a bi- see below), this finding suggests that at the level of
lateral greater activation in the inferior frontal areas in brain activity, the parallel learning of the two languages
semantic judgment L2, with the activation of the LALP since birth or the early acquisition of L2 are crucial in
group being in Broca’s area (BA 44) compared to the the setting of the neural substrate for grammar. Weber-
LAHP group, which showed a more inferior frontal acti- Fox and Neville (1996) indicated an AOA of 1 to 3 years
vation (BA 47). as critical for processing grammar. Our study showed
that subjects with an AOA later than 6 (mean AOA of
19) showed greater activation as compared to the EAHPDiscussion
subjects during grammatical (but not during semantic)
processing. On the other hand, the effects of PL appearThis study investigated the influence of AOA and PL
to involve both grammatical and semantic processing.on the neural correlates of grammatical and semantic
judgment in L2 as compared to L1. The amplitude and These aspects will be discussed in detail.
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Figure 2. Between Group Comparison for Grammatical Judgment L2
Comparing the LAHP and EAHP group led to greater activation of the LAHP group in language-related regions (A); note that there were no
behavioral differences (PL, reaction time, accuracy) between LAHP and EAHP. Comparing the LAHP and LALP group resulted in greater
activation of the LAHP group in left temporo-parietal junction, right lingual gyrus, and right inferior parietal lobe (B). This indicates that age
of acquisition and to a lesser degree proficiency level affect the cortical representation of grammatical processes. (Results of group analysis
[n  12 versus n  11 and n  9, respectively] superimposed on MNI template ‘colin27’ in neurological convention [left is left]; Brodmann
areas, x and z coordinates are given. Abbreviations: EAHP, early acquisition high proficiency; LAHP, late acquisition high proficiency; LALP,
late acquisition low proficiency; L2, German, second language acquired.)
Influence of AOA on the Cortical Representation cal judgment. LAHP subjects had a comparable pattern
of brain activation for the semantic task as EAHP sub-of Second Language Processing
Our data indicate that AOA has a pronounced effect on jects. However, during the grammatical task a more ex-
tensive activation was observed in areas associatedthe cortical representations associated with grammati-
Table 3. Between Group Comparison
Coordinates
Cluster Cluster Voxel T
p (cor) Size Value x y z BA Side Anatomical Region
Grammatical judgment L2 EAHP-LAHP
LAHP-EAHP 0.432 12 4.09 48 0 28 44/6 L IFG
0.382 13 4.21 48 12 28 44 R IFG
LAHP-LALP 0.585 10 4.71 52 64 11 22/39 L temporo-parietal junction
0.400 13 4.63 24 60 0 18 R lingual gyrus
0.305 15 4.55 56 32 33 40 R IPL
LALP-LAHP
Semantic judgment L2 EAHP-LAHP
LAHP-EAHP
LAHP-LALP 0.045 33 4.39 36 36 6 46 L MFG
3.35 28 44 11 46 L MFG
0.636 10 3.61 16 48 6 37 R fusiform gyrus
LALP-LAHP 0.636 10 4.80 56 4 28 44/6 L IFG
0.518 12 3.62 48 32 28 46/9 R MFG
3.54 52 20 33 46/9 R MFG
Contrasting grammatical and semantic judgment in L2 between groups. For each contrast, p values at cluster level, cluster size, T values,
coordinates of the local maxima of significance within the Montreal Neurological Institute (MNI) coordinate system, approximate Brodmann
areas (BA), side of activation, and the respective activated anatomical region are given. The reported regions were active with p  0.005
(uncorrected) at voxel level.
Abbreviations: EAHP, early acquisition high proficiency; LAHP, late acquisition high proficiency; LALP, late acquisition low proficiency; L2,
German, second language acquired; L, left and R, right hemisphere; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; and MFG, middle
frontal gyrus.
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Table 4. Within Group Comparison of Grammatical and Semantic Judgment L2 versus L1
Coordinates
Cluster p Cluster Voxel T
(cor) Size Value x y z BA Side Anatomical Region
Grammatical judgment L2-L1 EAHP
LAHP 0.000 116 7.63 48 4 33 44/6 L IFG
5.54 60 16 28 44 L IFG
5.29 56 8 17 44 L IFG
0.000 62 6.06 20 8 6 L putamen/thalamus
5.71 32 20 6 47 L IFG/anterior insula
4.87 20 0 17 L caudate nucleus
0.169 14 4.62 0 40 44 8 L/R mesFG
4.15 8 36 44 8 L mesFG
0.000 64 6.61 32 68 44 40 L IPL
4.93 44 48 39 40 L IPL
4.43 28 60 39 40 L IPL
0.000 93 7.34 36 32 28 46 R MFG
7.00 44 28 39 9 R MFG
5.87 52 12 33 44 R IFG
0.000 65 10.30 28 20 6 47 R IFG/anterior insula
7.95 20 4 0 R putamen/thalamus
5.47 44 16 0 47 R IFG
LALP 0.000 122 7.93 52 0 39 6 L precentral gyrus
7.66 56 4 22 44/6 L IFG
7.42 48 4 28 44/6 L IFG
0.007 29 7.20 16 8 17 L thalamus
0.054 19 6.38 44 52 17 37 L fusiform gyrus
0.054 19 8.55 32 68 44 7 L IPL
0.160 14 4.93 44 52 44 40 L IPL
3.96 52 44 50 40 L IPL
3.93 60 40 50 40 L IPL
0.004 32 6.41 40 4 28 44/6 R IFG
3.82 56 12 33 44/6 R IFG
0.103 16 5.10 44 32 28 46/9 R MFG
0.009 28 6.50 4 12 11 R thalamus
6.12 16 16 22 R thalamus
5.19 8 0 6 R thalamus
Semantic judgment L2-L1 EAHP
LAHP 0.002 47 4.92 40 12 6 47 L IFG/anterior insula
4.69 48 12 0 47 L IFG
4.68 56 8 6 47 L IFG
0.453 11 4.92 32 20 6 47 R IFG/anterior insula
LALP 0.009 30 4.94 44 4 28 44/6 L IFG
4.57 56 4 28 44/6 L IFG
4.37 52 4 39 9/44 L MFG
0.360 11 4.74 32 16 0 47 R IFG/insula
4.29 32 24 11 47 R IFG/insula
Contrasting grammatical judgment L2 versus grammatical judgment L1 and semantic judgment L2 versus semantic judgment L1 within each
group. For each contrast p values at cluster level, cluster size, T values, coordinates of the local maxima of significance within the Montreal
Neurological Institute (MNI) coordinate system, approximate Brodmann areas (BA), side of activation, and the respective activated anatomical
region are given. The reported regions were active with p  0.005 (uncorrected) at voxel level.
Abbreviations: EAHP, early acquisition high proficiency; LAHP, late acquisition high proficiency; LALP, late acquisition low proficiency; L1,
Italian, first language acquired; L2, German, second language acquired; L, left and R, right hemisphere; IFG, inferior frontal gyrus; mesFG,
mesial frontal gyrus; IPL, inferior parietal lobule; MFG, middle frontal gyrus
with language, in particular with morphosyntactic pro- in grammatical judgment L2 compared to L1. The ob-
served activation differences may at least in part be duecessing (Dapretto and Bookheimer, 1999; Moro et al.,
2001). That is, although both high proficient groups did to differences in PL.
The signal increases for L2 versus L1 within the LAHPnot differ in any behavioral performance measurement
(see Tables 1 and 2 and Figure 1), they showed highly group were also larger during semantic processing in
bilateral BA 47 and insula, indicating that AOA also af-significant differences in brain activation during the
grammatical task but not during the semantic task, thus fects the brain correlates of semantic processing. This
greater activation in L2 despite the highly similar perfor-indicating a task-specific effect of AOA.
The direct comparison of L2 with L1 activity in the mance might be related to underlying compensatory
mechanisms by using additional brain activation, thusLAHP group confirmed that during grammatical pro-
cessing in L2 more extensive activation was found in also suggesting that the relationship between behavioral
performance and extent of brain activation may not beBroca’s area as well as other areas (compare Table 4).
It should be noted, however, that there was a somewhat straightforward.
The EAHP group did not exhibit language-specificinferior behavioral performance within the LAHP group
Neuron
166
Figure 3. Main Effect of Language on Cerebral Representation of Grammatical Judgments
Comparison of grammatical judgment L2 to grammatical judgment L1 within each group showed no differences in the EAHP group (A) but
significant differences in language-related regions in both the LAHP group (B) and the LALP group (C), thus demonstrating that age of
acquisition specifically affects the cortical representation of grammatical processes; note that there were no behavioral differences (PL,
reaction time, accuracy) between EAHP and LAHP but differences between the low proficient and both high proficient groups (PL, accuracy;
compare also Tables 1 and 2). (Results of group analysis [n  11, 12, and 9, respectively] superimposed on MNI template ‘colin27’ in
neurological convention [left is left]; Brodmann areas, x and z coordinates are given. Abbreviations: EAHP, early acquisition high proficiency;
LAHP, late acquisition high proficiency; LALP, late acquisition low proficiency; L1, Italian, first language acquired; L2, German, second language
acquired.)
differences in activation between the two languages. guals (AOA 4 and 10, respectively) during auditory
comprehension of sentences (i.e., in a task also involvingWhereas this finding clearly differentiates this group
from the LAHP group, it cannot be excluded that using semantic processing). The authors concluded that for
this task PL is more important for cortical organizationa larger sample size might result in differences for this
within group comparison. The lack of difference within of L2 than AOA (Perani et al., 1998). Another fMRI study
showed similar patterns of overlapping activation inthe EAHP group may be considered to reflect the overall
comparable behavioral performance in L1 and L2. A cued word generation in early (AOA 6) and late
(AOA12) but comparably fluent bilinguals (Chee et al.,ceiling effect appears to be an unlikely explanation for
this lack of difference, as none of the subjects performed 1999). No subject showed significant differences in peak
location of L1 and L2. On the other hand, an influencebetter than 91% in the detailed language test in L2.
Thus, based on these data, it cannot be decided whether of AOA on the cortical localization of L1 and L2 was
reported in late bilinguals (mean AOA 11.2 years), usingthe difference between the EAHP and the LAHP group
indicates an underlying exclusive (yes/no) difference or fMRI during an internal sentence generation task (Kim
et al., 1997): L1 and L2 activated distinct frontal areas,whether the difference is more of a quantitative (more/
less) nature, an explanation which we favor. while little or no separation of activity was found in
temporal regions. Early bilinguals (exposed to L2 duringTo summarize, AOA seems to affect the neuronal pro-
cessing mechanisms of grammatical judgments more early infancy) showed no separation, either in frontal or
in temporal regions. The subjects in this study werethan PL (more activation or less efficient representation
if the language is learned late). These differential effects reported being high proficient; however, the methods
of assessment of proficiency were not specified and theof AOA and PL on grammatical processing are notewor-
thy, given that previous studies gave somewhat conflict- study investigated inhomogeneous pairs of languages.
The previously mentioned study by Chee and colleaguesing results. A PET study reported a comparable pattern
of brain activation in early and late high proficient bilin- (1999) investigated Singaporeans, which can be expected
Early Setting of Grammatical Processing
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LAHP group in terms of accuracy, reaction time, and
PL (but note the effect of AOA on PL on grammatical
judgments within the LAHP group as discussed above).
A striking difference between these groups was found
only at the functional level in inferior frontal regions
during grammatical processing. The LAHP and the LALP
group in our study showed significant differences in PL
and accuracy in L2, but no differences in AOA. With
respect to the critical period of L2 acquisition, it should
be emphasized that all late acquisition subjects ac-
quired the second language after the proposed critical
period of AOA6 years (mean 19 and 20 years, respec-
tively).
Our data indicate that PL has a larger effect than AOA
on the cerebral representation of semantic processing
in L2. The comparison between the two late acquisition
samples indicated the presence of areas of differential
activation. LALP bilinguals showed more extensive ce-
rebral activations during semantic judgment tasks than
LAHP bilinguals in Broca’s area and right middle frontal
gyrus, whereas the LAHP group showed greater activa-
tion in left middle frontal and right fusiform gyrus com-
pared to the LALP group. Within both groups, semantic
processing L2 led to greater activation than L1, but in
the LAHP group this was not associated with inferior
Figure 4. Main Effect of Language on Cerebral Representation of performance.
Semantic Judgments
The effect was less clear-cut in the case of grammati-
Comparison of semantic judgment L2 to semantic judgment L1
cal processing, in which more extensive activity in pos-within the LAHP group showed significant activation differences
terior cerebral regions was observed in the LAHP com-despite similar behavioral performance, thus demonstrating the ef-
pared to LALP subjects (in left temporo-parietal junction,fect of age of acquisition on semantic processes. (Results of group
analysis [n  12] superimposed on MNI template ‘colin27’ in neuro- right lingual gyrus, and right inferior parietal lobule), but
logical convention [left is left]; Brodmann areas, x and z coordinates there was no additional activation of the LALP group
are given. Abbreviations: LAHP, late acquisition high proficiency; compared to the LAHP group. The relationship between
L1, Italian, first language acquired; L2, German, second language the imaging results and the behavioral findings, which
acquired.)
by definition indicated an inferior performance in the
LALP group, appears to be complex: the inferior perfor-
mance in grammatical tasks was not reflected in moreto be highly proficient in each language because of the
extensive activation in the LALP group with respect to
really integrated society of Chinese-English bilinguals
the LAHP group (Tables 2 and 3). This might be due to
in Singapore. Thus, these studies left open the possibil-
greater motivation and greater use of compensatory
ity that PL rather than AOA may be the crucial factor in strategies/greater effort in the LAHP group compared
determining the neural organization of L1 and L2. to the LALP group; however, offline reaction times
The type of linguistic processing engaged by the task showed no differences between the groups and make
is a vital factor that has to be considered. The present this explanation less likely. That is, beside the strong
results indicate that AOA might have a greater impact effect of AOA (see above), there seems also to be an
on the cerebral correlates of grammatical processing effect of PL on grammatical processing.
than on semantic processing. A similar proposal was These results cannot be easily accommodated within
put forward by Weber-Fox and Neville (1996) using ERP the idea that more extensive activation indicates worse
and behavioral measurements. They found grammatical performance. Several monolingual studies have sug-
processing to be more influenced by AOA than semantic gested that a higher level of complexity, i.e., a more
processing, i.e., grammatical processing was affected difficult task, increases the extent of cortical activation
by an AOA of 1–3 years, but semantic processing was (Just et al., 1996; Stromswold et al., 1996; Caplan et al.,
only affected by an AOA of 11 years. In LA subjects, 1998; Carpenter et al., 1999). In the case of bilinguals,
the difference appears to be related to a larger activation however, the effect appears to be largely task depen-
in areas that are involved in morphosyntactic pro- dent (Abutalebi et al., 2001). For example, in word gener-
cessing, thus supporting a performance level that is ation tasks, processing the least fluent language com-
mostly comparable to that observed in the early acquisi- pared to processing L1 produced a much stronger and
tion group. larger activation in left frontal regions (Yetkin et al.,
1996). Using a matching-to-sample-task, the least profi-
Influence of PL on the Cortical Representation cient performance was associated with the most exten-
of Second Language Processing sive activation in bilateral inferior frontal regions (Chee
Intuitively, one might expect a correlation of PL and et al., 2001). In the case of language comprehension
AOA. However, it is noteworthy that there were no statis- tasks, more extensive activity has been shown in the
most proficient language. In low proficient bilinguals,tically significant differences between the EAHP and
Neuron
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test in L2 (Pruefungen Deutsch als Fremdsprache, 1998). This lan-passive listening to L1 resulted in larger increases in
guage test consists of 90 items and includes tests of grammaticalregional cerebral blood flow than listening to L2 (Perani
expertise, sentence comprehension, and written language produc-et al., 1996).
tion. The test takes 1.5 hr in total. Sixteen subjects performed this
With respect to explicitly greater variability of second language test immediately after the scanning session, eight subjects
language representation in semantic tasks in late mod- performed the test about 12 months after initial investigation, and
eight other subjects were not available for further testing. In 24erate proficient bilinguals (Dehaene et al., 1997), there
participants we measured reaction times and accuracy outside theis the possibility that differences found in fixed effect
scanner environment: after the scanning session they had to re-analyses were not apparent in the more restricted sec-
spond as soon and correctly as possible to the stimulus materialond level analysis, where effects were less dependent
presented during the MRI scanning session (see Results).
on participating subjects but could rather be generalized A summary of demographics and language background of the
to population (Friston et al., 1999a). subjects is given in the following paragraph and in Table 1. None
of the groups differed in age, PL on L1, and total actual exposure
to L1 and L2. EAHP and LAHP groups showed significant differencesHow do these findings fit into recent theories/models
in AOA of L2, duration of exposure to L2, percentage of exposureof second language acquisition? There is now some
to L1 and L2 until age 18, and actual use of L2 with their family.evidence for the hypothesis that PL and usage/exposure
EAHP and LAHP groups did not differ in PL on L2. EAHP and LALP
are the critical determinants of cerebral organization of groups showed significant differences in AOA of L2, duration of
language processing in late bilinguals (Perani et al., exposure to L2, percentage of exposure to L1 and L2 until age 18,
PL on L2, and actual use of L2 with their family. The LALP group1998; Chee et al., 1999, 2001). Some authors have sug-
lived for a significantly shorter time in Germany than the EAHPgested that AOA might play an important role (Kim et
group. LAHP and LALP groups differed significantly in PL on L2 andal., 1997). Our data provide evidence that AOA is indeed
actual use of L2 with their boy/girlfriend. The LALP group lived foranother important variable, and more so for grammatical
a significantly shorter time in Germany than the LAHP group. The
than for semantic processing. Since the participants in LALP group displayed significant differences between PL on L1 and
this study had an AOA for L2 either since birth (EAHP) L2 as revealed by the short newspaper language test (Z  2.7;
p  0.007).or an AOA greater than 6 years (LA groups had a mean
All subjects were graduate students or graduates, i.e., they hadAOA of 19 and 20), the exact time frame of a critical
a comparable educational background. The participants had noperiod remains unspecified. Our finding appears to be
prior knowledge of the sentence material. They gave written in-compatible with the hypothesis of a difference between
formed consent prior to the investigation and were paid for participa-
the mechanisms responsible for the acquisition and pro- tion. All experiments were performed in compliance with the relevant
cessing of grammatical and semantic knowledge (Par- laws and institutional guidelines and were approved by the ethics
committee of the Charite´ Berlin.adis, 1994; Pinker, 1994; Ullman, 2001; Lebrun, 2002).
In conclusion, our results revealed that both AOA and
PL affect the neuronal substrates for grammatical and Sentence Material
The stimulus material consisted of 180 short sentences (90 Germansemantic processing. In addition, the data clearly indi-
and 90 Italian sentences). Forty-four of the German and Italian sen-cate that AOA affects the neural correlates of grammati-
tences were grammatically and semantically correct. In both lan-cal judgment to a greater extent. In particular, in the
guages the remaining 46 sentences contained either grammatical
case of grammar, a largely comparable performance/ (23 sentences) or semantic (23 sentences) violations. Thus, there
PL is not associated with the same pattern of neural were four conditions: German grammatical judgment, Italian gram-
matical judgment, German semantic judgment, and Italian semanticrepresentation. On the other hand, PL seems to play
judgment.a larger role in determining the neuronal substrate for
For the grammatical anomaly condition, the sentences weresemantic processing.
meaningful but included different types of grammatical violations:
either disagreement of number, gender, or case, e.g., “Der HundExperimental Procedures
[singular] laufen [plural] u¨ber die Wiese” (the dog [singular] run [plu-
ral] over the meadow); “Das [neuter] Kalender [masculine] ha¨ngt anSubjects
der Wand” (the [neuter] calendar [masculine] hangs at the wall); andThirty-two healthy, right-handed bilingual (Italian-German) adults
“I gatti [plural] ama [singular] cacciare i topi” (the cats [plural] likesparticipated in this study. They were grouped according to their
[singular] hunting the mice). Note that number, gender, and caseAOA (at birth or 6 years) and proficiency level in L2: EAHP group
are overtly marked via article, noun, or adjective both in German(11 subjects with early acquisition of L2 and high proficiency in L2;
and Italian.five males); LAHP group (12 subjects with late acquisition of L2 and
For the semantic anomaly condition, the sentences were gram-high proficiency in L2; four males); and LALP group (9 subjects with
matically correct but contained semantic violations, e.g., “Das Rehlate acquisition of L2 and low proficiency in L2; seven males).
erschießt den Ja¨ger” (the deer shoots the hunter); “Die Maus jagtEven though the subjects in the EAHP group were exposed to
die Katze” (the mouse hunts the cat); and “La pannocchia mangiaboth languages since birth, Italian is defined to be L1 because of
il maiale” (the corncob eats the swine). All sentences were ortho-the specific language backgrounds: 7 of the 11 subjects spent their
graphically correct and matched for length and word frequency. Thefirst years of life in Italy, and in the case of 5 subjects, both parents
sentences were adapted from the corpus of sentences by Hahnewere Italian (the remaining subjects had a German mother and an
and Friederici (2002). Five native speakers of German and ItalianItalian father). They had a mean exposure to Italian of 55% before
judged whether the sentences were violated or made sense, respec-age 6 (see Table 1). All subjects in the EAHP group have acquired
tively. Only those sentences with a 100% consensus were selected.both languages since birth and are therefore compound bilinguals
according to neurolinguistic definitions (DeGroot, 1993).
All 32 subjects were living in Germany when they participated, Task
Before the scanning session, the experiment was explained outsideand the mean of actual exposure was equal in all three groups (see
Table 1). In each subject a native speaker tested speech production the scanner and the subjects had a brief training session. The sen-
tences were presented on a back-projection screen. After an initialand performance in L2. Participants had to perform a short language
comprehension test (reading of a short text, a newspaper article, resting period (60 s), the sentences were presented in blocks lasting
128 s (12 blocks, randomized, 3 for each condition), followed by 32giving written answers to questions) in L1 and L2. Additionally, the
subjects had to perform a detailed accredited proficiency language s of rest (fixation cross). Each block was preceded by an instruction
Early Setting of Grammatical Processing
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sentence (e.g., Grammatical Judgment German), followed by 15 Bates, E., Thal, D., Trauner, D., Fenson, J., Aram, D., and Nass, R.
pseudorandomized correct and incorrect sentences. After presenta- (1997). From first words to grammar in children with focal brain
tion of the sentences (4 s), a fixation cross was displayed (4 s) and injury. Dev. Neuropsychol. 13, 275–343.
subjects were asked to indicate by right-hand button-press when Bialystok, E., and Miller, B. (1999). The problem of age in second
they identified a correct sentence. language acquisition: influences from language, structure, and task.
Bilingualism Lang. Cog. 2, 127–145.
fMRI Scanning
Birdsong, D., and Molis, M. (2001). On the evidence for maturationalfMRI measurements were performed on a 1.5 T scanner (Siemens,
constraints in second-language acquisition. J. Mem. Lang. 44,Erlangen, Germany) with a standard head coil. Head movement was
235–249.minimized using a vacuum pad. Following the scout spin echo scan,
structural 3D data sets were acquired using a T1-weighted sequence Caplan, D. (1992). Language: Structure, Processing, and Disorders
(MP-RAGE; TR 9.7 ms; TE 4 ms; FA 12; voxel size 1 mm3 ). Thereafter, (Cambridge, MA: MIT Press).
960 echoplanar volumes approximately parallel to the bicommis- Caplan, D. (1999). Activating brain systems for syntax and seman-
sural plane (ac-pc-plane) were acquired (TR 2000 ms; TE 60 ms; FA tics. Neuron 24, 292–293.
90; FOV 256 mm; matrix 64  64; 16 5 mm slices; interslice gap
Caplan, D., Alpert, N., and Waters, G. (1998). Effects of syntactic0.5 mm; in-plane resolution 4 mm2 ; ascending acquisition of im-
structure and propositional number on patterns of regional cerebralages). Slices covered the entire brain except for the most inferior
blood flow. J. Cogn. Neurosci. 10, 541–552.part of the anterior temporal lobe and cerebellum (most inferior z
about 24) and the most superior parts of the frontal and parietal Carpenter, P.A., Just, M.A., Keller, T.A., Eddy, W.F., and Thulborn,
lobe (most superior z about 50). K.R. (1999). Time course of fMRI-activation in language and spatial
networks during sentence comprehension. Neuroimage 10,
Data Analysis 216–224.
Nonparametric Mann-Whitney U tests were performed to compare Chee, M.W., Tan, E.W., and Thiel, T. (1999). Mandarin and English
the groups regarding age, AOA, exposure to L2, PL, and behavioral single word processing studied with functional magnetic resonance
data (see Tables 1 and 2) (p  0.05 corrected for multiple compari- imaging. J. Neurosci. 19, 3050–3056.
sons [  0.01]). Nonparametric Wilcoxon Tests were performed to
Chee, M.W., Hon, N., Lee, H.L., and Soon, C.S. (2001). Relativecompare PL on L1 and PL on L2 and behavioral data within the
language proficiency modulates BOLD signal change when bilin-groups (p  0.05) (see Table 2).
guals perform semantic judgments. Blood oxygen level dependent.Imaging data were analyzed using the statistical parametric map-
Neuroimage 13, 1155–1163.ping software package (SPM99; Wellcome Department of Cognitive
Neurology, University College London, UK). The first 15 functional Dapretto, M., and Bookheimer, S.Y. (1999). Form and content: disso-
volumes were excluded to allow for magnetic saturation effects. ciating syntax and semantics in sentence comprehension. Neuron
Scans were slice-time corrected, realigned, normalized, and spa- 24, 427–432.
tially smoothed by a Gaussian kernel (FWHM  6  6  8.25 mm)
DeGroot, A.M.B. (1993). Word-type effects in bilingual processing
using standard SPM methods (Friston et al., 1995). Low-pass (Gauss
tasks. In The Bilingual Lexicon, R. Schreuder and B. Weltens, eds.filter of 4 s) and high-pass frequency filters (308 s) were applied.
(Amsterdam: John Benjamins Publishing Co.), pp. 27–51.Time series were modeled using box car regressors for every condi-
Dehaene, S., Dupoux, E., Mehler, J., Cohen, L., Paulesu, E., Perani,tion and convolved with the hemodynamic response function. To
D., van de Moortele, P.F., Lehericy, S., and Le Bihan, D. (1997).reduce motion-induced artifacts for each subject, the six realign-
Anatomical variability in the cortical representation of first and sec-ment parameters were included in the statistical model as parame-
ond language. Neuroreport 8, 3809–3815.ters of no interest. Contrast images for each condition and for differ-
ences between the respective conditions in L2 and L1 were Flege, J.E., Yeni-Komshian, G.H., and Liu, S. (1999). Age constraints
computed for each subject. The group effects were computed using on second-language acquisition. J. Mem. Lang. 41, 78–104.
these contrast images by a random effects analysis in order to be
Friederici, A.D., von Cramon, D.Y., and Kotz, S.A. (1999). Languageable to generalize the observed effects to the population (Friston
related brain potentials in patients with cortical and subcortical leftet al., 1999a, 1999b). Within group analyses were performed using
hemisphere lesions. Brain 122, 1033–1047.one-sample t tests separately for each group in order to identify
regions within the groups that show greater activation in L2 com- Friederici, A.D., Meyer, M., and von Cramon, D.Y. (2000). Auditory
pared to L1 (i.e., L1 serves as baseline condition in within group language comprehension: an event-related fMRI study on the pro-
comparisons) and employed a statistical threshold of p  0.005, cessing of syntactic and lexical information. Brain Lang. 75, 289–300.
uncorrected for multiple comparisons, with an extent threshold of Friston, K., Holmes, A.P., Worsley, K., Poline, J.B., Frith, C., and
ten contiguous voxels. Two-sample t tests were performed between Frackowiak, R.S. (1995). Statistical parametric maps in functional
groups to identify regions that were significantly more activated by imaging: a general linear approach. Hum. Brain Mapp. 2, 189–210.
one group than the other (p  0.005 uncorrected, ten contiguous
Friston, K.J., Holmes, A.P., Price, C.J., Buchel, C., and Worsley,voxels). That way we compared the EAHP and LAHP group (effect of
K.J. (1999a). Multisubject fMRI studies and conjunction analyses.AOA) and the LAHP and LALP group (effect of PL) in each condition,
Neuroimage 10, 385–396.respectively.
Friston, K.J., Holmes, A.P., and Worsley, K.J. (1999b). How many
Acknowledgments subjects constitute a study? Neuroimage 10, 1–5.
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